In order to investigate initiation of H-strand (lagging strand) replication of the plasmid ColEl, the origin region fragment (Hae II-E) of ColEl was inserted into the intergenic region of filamentous DNA phage M13 Plasmid ColEl replication initiates at a fixed origin and proceeds unidirectionally (1, 2). Although the mechanism of initiation of L-strand (leading strand) synthesis in ColEl replication has been studied extensively, that of the H-strand (lagging strand) is still unclear. Tomizawa and coworkers have shown that the 6S L-strand fragment is synthesized first, and the transition point from primer RNA to DNA of 6S L-fragment has been mapped in the middle of the Hae II-E fragment ( Fig.  1 ) (6-10). RNA polymerase participates in synthesis of the 6S L-strand fragment by making an RNA primer (6, 7). Once the primer is formed, RNA polymerase is not required for further replication (8). Because the dnaG function is involved in replication of plasmid DNA (11, 12) , RNA priming of H-strand initiation could possibly be catalyzed by the function of the dnaG gene product (primase). It has been observed that after 6S L-fragment synthesis, the early replicative intermediate contains a D-loop (displacement loop) structure (13). This suggests that initiation of H-strand synthesis might require a single-stranded DNA (ssDNA) template. A method to assay DNA strand initiation of a fragment in a single-stranded form has been developed (14). This method takes advantage of the fact that the first step of phage M13 replication, conversion of phage ssDNA to the parental replicative form (RF) DNA, requires RNA polymerase for priming (15). Therefore, RNA polymerase-independent RNA primer synthesis due to a cloned fragment can be detected by measuring the efficiency of conversion of the infecting phage DNA to a duplex form under conditions in which RNA polymerase activity is inhibited. The validity of this method has been demonstrated by the successful expression of the complementary strand origin of bacteriophage G4 inserted into the intergenic region of M13 (14 Fig. 2 b, c, and d. 
plementary stran origin of M13. The function of rri-i is dependent on both the dnaG and dnaB gene products. It is postulated that ri-i might be an initiation site for synthesis of the lagging DNA strand during unidirectional replication of ColEl DNA.
Plasmid ColEl replication initiates at a fixed origin and proceeds unidirectionally (1, 2) . Although the mechanism of initiation of L-strand (leading strand) synthesis in ColEl replication has been studied extensively, that of the H-strand (lagging strand) is still unclear. Tomizawa and coworkers have shown that the 6S L-strand fragment is synthesized first, and the transition point from primer RNA to DNA of 6S L-fragment has been mapped in the middle of the Hae II-E fragment ( Fig.  1 ) (6) (7) (8) (9) (10) . RNA polymerase participates in synthesis of the 6S L-strand fragment by making an RNA primer (6, 7) . Once the primer is formed, RNA polymerase is not required for further replication (8) . Because the dnaG function is involved in replication of plasmid DNA (11, 12) , RNA priming of H-strand initiation could possibly be catalyzed by the function of the dnaG gene product (primase). It has been observed that after 6S L-fragment synthesis, the early replicative intermediate contains a D-loop (displacement loop) structure (13) . This suggests that initiation of H-strand synthesis might require a single-stranded DNA (ssDNA) template. A method to assay DNA strand initiation of a fragment in a single-stranded form has been developed (14) . This method takes advantage of the fact that the first step of phage M13 replication, conversion of phage ssDNA to the parental replicative form (RF) DNA, requires RNA polymerase for priming (15) . Therefore, RNA polymerase-independent RNA primer synthesis due to a cloned fragment can be detected by measuring the efficiency of conversion of the infecting phage DNA to a duplex form under conditions in which RNA polymerase activity is inhibited. The validity of this method has been demonstrated by the successful expression of the complementary strand origin of bacteriophage G4 inserted into the intergenic region of M13 (14) . Thus, with the hope of discovering an origin of H-strand replication of ColEl, we have inserted the origin region fragment (Hae II-E)- (22) . (5) 20 Ci/ mmol and 1 mCi/ml was purchased from New England Nu- clear (1 Ci = 3.7 X 1010 becquerels).
32p or 3H-Labeled Phages. The following labeling protocol was used to produce 32P-labeled phages. W1485 cells were grown at 37°C to 2 X 108 cells per ml in a glucose minimal medium containing thymidine at 2 ,ug/ml and the 20 L amino acids each at 50 ,ug/ml (20) . Then 0.5 mCi of carrier-free 32P-labeled inorganic phosphate was added to 5 ml of the culture prior to phage infection at a multiplicity of 10. After growth for 5 hr, phages were purified as described (21 (24) . Plaques that were positive in this assay (about 1% of the total plaques) were further purified, and several chimeric phages in which the DNA was slightly larger (about 400 bases) than that of wild-type M13 were identified by gel electrophoresis of phage ssDNA prepared from the supernatant of an infected culture (25) . Extensive restriction endonuclease analysis has shown that these chimeric phages, termed M13E1 phages, carry the Hae II-E fragment of ColEl as a cloned fragment at the Hae II site within the 507-base-pair M13 intergenic space in both orientations (Fig. la) . Fig. 2 shows the gel electropherogram of representatives of M13E1 phages, M13E1-5 and M13E1-7, in which either the H-strand or the L-strand of the Hae II-E fragment has been ligated with the viral strand of M13, respectively. The Hae II-E fragment of ColEl was excised from M13E1-5 and M13E1-7 RF DNAs with restriction endonuclease Hae II (Fig. 2a) . Because the Hae II site within the intergenic space is located within the M13 HinfI-F, Hpa II-A, and Hae III-E2 fragments (Fig. la) , these bands are not seen in digests of M13E1-5 and M13E1-7 ( Fig. 2 b-d) . In addition, new bands derived from junctions between the inserted Hae II-E fragment of ColEl and the M13 intergenic space or derived from the internal region of Hae II-E appear. The orientation of the inserted fragment was determined by measuring the size of these bands, which migrate at the positions predicted from DNA sequence data ( Fig. 1 b and c) . Also, the conclusion drawn from restriction endonuclease analysis was confirmed by hybridization with the L-strand or H-strand of whole ColEl DNA (data not shown). grown in an M9 glucose minimal medium containing thymidine at 2 ,g/ml and 0.5% casamino acids at 37°C. At an optical density of 0.5 at 595 nm, the culture was divided into aliquots (5 ml each) and 50 ,ul of rifampicin at 40 mg/ml in dimethyl sulfoxide was added to a, c, e, and g or 50 ,l of dimethyl sulfoxide alone was added to b, d, f, and h. After 5 min at 370C, cultures were infected with 32P-labeled phages at a multiplicity of 100. After an additional 10 min at 37°C, an equal volume of ice-cold NaCl/EDTA/Tris/NaCN buffer (20) was added and the mixture was kept in ice for 10 min. The bacteria were centrifuged and washed twice. Cell pellets were resuspended in 0.5 ml of NaCl/EDTA/Tris buffer (20) and incubated with 50 jl of lysozyme at 4 mg/ml for 10 min at 37°C. Then, 25 ,l of 10% Sarkosyl NL97 was added and incubation was continued for 10 min at 37°C. The resulting clear and highly viscous lysate was layered on top of 5-20% sucrose gradients containing 1 M NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM EDTA. Sedimentation was for 4.5 hr at 5°C and 40,000 rpm in a Beckman SW 40 rotor. Fractions were collected from the top directly into scintillation vials for measurement of radioactivity (20) . The direction of sedimentation is from left to right as indicated by a horizontal arrow in a. Cells were infected with (a) 32P-labeled M13E1-7 in the presence of rifampicin at 400 ,g/ml; (b) 32P-labeled M13E1-7; (c) 32P-labeled M13E1-5 in the presence of rifampicin at 400 ug/ml; (d) 32P-labeled M13E1-5; (e) 32P-labeled M13Goril in the presence of rifampicin at 400 ,g/ml; (f) 32P-labeled M13Goril; (g) 32P-labeled M13 wild type (wt) in the presence of rifampicin at 400 ,g/ml; (h) 32P-labeled M13 wild type. RFI, supercoiled RF; RFII, relaxed RF.
Methods, the origin region fragment (Hae II-E) of ColEl was inserted into the intergenic region of the duplex form of the single-stranded DNA phage M13 in both orientations. M13E1-5 and M13E1-7 are two representative isolates of M13E1 phages in which the H-strand or the L-strand of the Hae II-E fragment has been ligated to the viral strand of M13, respectively. In order to test the capability of a cloned CoEl fragment to direct DNA strand initiation by a rifampicin-resistant mechanism, M13E1-5, M13E1-7, Ml3Goril, and M13 wild-type phages. were labeled with 32P and used to infect E. coil cells in the presence and absence of rifampicin. If DNA synthesis from the complementary strand origin of M13 or an origin within a cloned fragment occurs, 32p label contained within the infecting viral DNA will be converted to RF DNA. Fig. 3 b, d , f, and h shows that viral ssDNA of these phages is converted to RF DNA in the absence of rifampicin. In agreement with previous results (15) , essentially no parental RF DNA synthesis of M13 was observed in the presence of rifampicin, as expected for an RNA polymerase-dependent initiation mechanism (Fig. 3g) . In the case of the Ml3GoriI phage, the synthesis of parental RF DNA in the presence of rifampicin (Fig. Se) is dependent on the cloned G4 complementary strand origin, which utilizes the rifampicin-insensitive dnaG primase for initiation (26) . Fig.  3 a and c shows that although parental RF DNA was not synthesized in the presence of rifampicin in the case of M13EI-5 phage, M13E1-7 phage ssDNA was converted to RF in the presence of the drug. These results indicate that conversion of M13E1-7 phage ssDNA to RF is due to the cloned L-strand of Hae II-E of ColEl and suggest that RNA primer synthesis occurs by a rifampicin-resistant mechanism, probably involving primase (dnaG gene product). Results similar to those for M13E1-5 and M13E1-7 were also obtained with other chimeric phages that carry either the H-strand or the L-strand of Hae II-E of ColEl.
dnaG and dnaB Gene Products Are Required for the Rifampicin-Resistant Conversion of M13E1-7 Phage DNA to Parental RF. In order to confirm that the dnaG gene product is involved in rifampicin-resistant conversion of chimeric phage ssDNA to RF, a dnaG temperature-sensitive (ts) strain (RL114) and a temperature-resistant revertant derivative (RL1,15) of RL114 were infected with 32P-labeled chimeric phage in the presence of rifampicin. The cells were simultaneously coinfected with 3H-labeled M13 phage to ensure that DNA strand initiation from the M13 complementary strand origin was inhibited under these conditions. The results are shown in Fig.  4 . Parental RFs of M13E1-7 and MI3Gortl are synthesized in the revertant strain at 420C (Fig. 4 c and d) . Conversion of the chimeric phage ssDNAs to parental RF is blocked in RL1 14 at the nonpermissive temperature (Fig. 4 a and b) . Therefore, it is concluded that the dnaG gene product is required for rifampicin-resistant conversion of both M13E1-7 and Ml3Goril phage DNAs to parental RF.
It has been shown that not only the dnaG but also the dnaB gene product is required for in vitro replication of the early replicative intermediate of ColEl (27, 28) . To determine whether the dnaB gene product is involved in rifampicin-resistant conversion of M13E1-7 phage ssDNA to RF, a dnaBts strain BT1029 and a temperature-resistant revertant (RL116) of BT1029 were infected with 32P-labeled chimeric phage in the presence of rifampicin. The cells were also infected with 3H-labeled M13 phage as in Fig. 4 . As shown in Fig. 5b , conversion of Ml3Goril to parental RF is not influenced by the dnaB mutation, consistent with the known initiation mechanism at the complementary strand origin of G4 (26) . However, conversion of M13E1-7 to parental RF is blocked in BT1029 at the nonpermissive temperature (Fig. 5a ). Parental RFs of M13E1-7 and M13Goril are synthesized in the revertant strain at 42°C (Fig. 5 c and d) . It is concluded that the dnaB, as well as the dnaG gene product, is required in rifampicin-resistant conversion of M13E1-7 phage single strand to a double-stranded form.
DISCUSSION
The origin region fragment (Hae II-E) of ColEl has been inserted into the 507-base-pair intergenic region of bacteriophage M13 and cloned. M13E1-7 phage ssDNA, in which the L-strand of the Hae II-E fragment has been ligated to the viral strand of M13, is converted to parental RF DNA in the presence of rifampicin, indicating the presence of a site capable of promoting DNA strand initiation of the L-strand of the Hae II-E fragment. Because the locus promotes DNA strand initiation by a rifampicin-resistant mechanism, we propose to name the site rm-i (rifampicin-resistant initiation). We have shown here that the function of rri-l is dependent on both the dnaG and dnaB gene products.
Two mechanisms of dnaG-dependent primer synthesis have been identified by in vitro replication studies of small singlestranded DNA phage (29, 30 (35) by the methods used here.
